Glacier-melt-induced changes in runoff are of concern in northwestern China where glacier runoff is a major source for irrigation, industries and ecosystems. Samples were collected in different water mediums such as precipitation, glacial ice/snowcover, meltwater, groundwater and streamwater for the analysis of stable isotopes and solute contents during the 2009 runoff season in the Laohugou Glacial Catchment. The multi-compare results of δ
Introduction
It is estimated that 1/6 of the global population derives much of their water from glacier and snow-fed watersheds (Barnett et al. 2005 , Kundzewicz et al. 2007 . During the summer months glacial meltwater may provide the only source of water for some alpine valleys and dry lowlands (Bradley 2006 , Casassa et al. 2009 ). Widespread glacier recession has been occurring over the past half century (Kundzewicz et al. 2007) . Continued decline of glacier mass results in a transient increase in river discharge and has many implications operating on all spatial scales (Dyurgerov and Carter 2004 , Hock et al. 2005 , Blume et al. 2008 , Yao et al. 2012 , Gao et al. 2013 . In conjunction with glacier shrinkage, many land systems suffer from altered precipitation regimes, drought and reduced snowpack, further exacerbating the effects of climate change on water supply (Barnett et al. 2005 , Kundzewicz et al. 2007 , Stewart 2009 ). Rapidly melting alpine glaciers are a source of flooding (Immerzeel et al. 2010) .
Glacier-melt-induced changes in runoff are of concern in areas such as northwestern China where glacier runoff is a major source for irrigation, industries and ecosystems. Recent research indicates that 82.2% of all the monitored glaciers in China retreated with 41.5% glacier area loss from the late 1950s to the late 1990s (Liu et al. 2006) . The glacial retreat has caused an increase of 5-13% in river runoff in northwestern China (Xiao et al. 2008) . Another study in northwestern China found that runoff volumes were enhanced initially due to the glacier melt disequilibrium and followed by runoff decline along with the rapid shrinking of the glaciers (Ding et al. 2006) .
The stable isotopic compositions in natural waters in the water cycle respond to environmental variation very sensitively (Joussaume et al. 1984) . The stable isotopic compositions in different water mediums can indicate the change of geographic environment or mark the recharge of runoff using their physical tracer function (Dansgaard 1964) . Stable isotope composition of water has been successfully used as naturally occurring hydrologic tracers to constrain estimates of the contributions of different water sources to streamflow, including snowmelt, glacier meltwater and groundwater baseflow (Dinçer et al. 1970 , Hooper and Shoemaker 1986 , Rodhe 1998 , Rock and Mayer 2007 , Zhang et al. 2009 , Pu et al. 2012 .
The separation of a hydrograph into its component parts is important for many types of water resources planning and management projects. Consequently, many approaches have been developed to estimate the contributions of different components to surface water, which cannot be directly measured. End member mixing analysis (EMMA) (Christophersen and Hooper 1992 ) is a widely accepted approach to identify the contributions of different components to runoff and evaluate streamflow generation mechanisms. Most commonly, isotope tracers, in conjunction with geochemical tracers (major ions, trace elements, dissolved organic carbon, etc.), have been used to compute multiple contributions to a streamflow, which have also been helpful for establishing or redefining hydrological models at catchment scale (e.g. Hooper et al. 1990 , Buttle 1994 . EMMA techniques have been applied in a variety of studies, at both the plot and the catchment scales (Barthold et al. 2010) . These studies were primarily developed at sites in the temperate zone (Dinçer et al. 1970 , Hooper et al. 1990 , McDonnell et al. 1990 , Soulsby et al. 2003 , Katsuyama et al. 2009 , with a smaller number representing tropical regions (Elsenbeer et al. 1995 , Hooper 2003 , Chaves et al. 2008 . Only a few studies have applied EMMA in arid or semi-arid regions (Liu et al. 2008a , Barthold et al. 2010 .
The streamflow is usually composed of ice-snowmelt, local precipitation and groundwater in cold regions (Moser and Stichler 1980) . However, the groundwater comes from icesnowmelt and local precipitation and discharges to the river mainly from a spring. The contribution of groundwater directly gaining the streamflow in an alpine glacial area is always neglected. Two-component EMMA was also applied in cold regions in China. Studies showed ice-snow meltwater was a significant contributor in the upriver and middle reaches of the Heihe River, northwestern China (Zhang et al. 2009 ), while the contribution of meltwater varied from 63.8% to 92.6% during the wet season in the Heishui Valley (Liu et al. 2008b) , suggesting that snow and glacier meltwater was the main supplying water source of baseflow. It has been shown that water from snow and glacier meltwater accounted for about 74.6-82.4% of the total streamwater in summer in the trunk stream of Hailuogou valley, Gongga Mountain, another typical monsoonal temperate glacier region in China (Yin et al. 2008) . According to a monthly hydrograph, Pu et al. (2012) found the contribution of snow and glacier meltwater varied from 40.7% to 62.2% in the wet season in Mt.Yulong region, southwestern China. Usually, local water resources have closer links with monsoonal temperate glaciers because they are more sensitive to climate change, compared with continental glaciers (Li et al. 2010) .
The Tibetan Plateau and surroundings contain the largest number of glaciers outside the polar regions (Yao et al. 2007 ). This region and its water resources play an important role in global atmospheric circulation, biodiversity, rainfed and irrigated agriculture, and hydropower. These regions where water supply is dominated by melting snow or ice are predicted to suffer severe consequences as a result of recent warming. Results demonstrate that glaciers in the Tibetan Plateau have retreated significantly during the last four decades with total areal reduction amounting to 16.3% or 0.47%/ year (Liu et al. 2006) . The obvious retreat of glaciers happened within the surrounding high mountainous ranges like the north slopes of the Himalaya, Qilianshan and the eastern part of the Plateau with maximum areal decrease up to 46% of their area in the 1960s (Liu et al. 2006) . Glacial retreat in this region is impacting the hydrological processes and has caused an increase of more than 5.5% in river runoff from the Plateau (Yao et al. 2007) . The Laohugou River Basin, which is located on the north edge of the Tibetan Plateau, is a typical glacial basin. Therefore, to utilize water resources effectively and predict their change, it is essential to analyse the percentage of ice-snowmelt and other components in runoff to evaluate the contribution of glaciers to local water resources and to quantify interactions between surface and groundwater in a typical glacial basin. Glaciers are of crucial importance for the livelihood of the local populations who depend on meltwater for drinking and irrigation. Previous studies of this area mainly focused on the variation (Du et al. 2008) , the movement features (Liu et al. 2010 ) and the surface energy budget (Sun et al. 2012 ) of the Laohugou Glacier No. 12. The isotopic and chemical characteristics in streamwater (Hou et al. 2012 ) and a shallow ice core (Cui et al. 2011) were also investigated. However, little information was reported on the components and the generation mechanism of streamflow in the area. Thus the roles of glacier and snow meltwater should be significantly noticed in water resource management.
In this study, temporal variations of water stable isotopes oxygen and solutes, the identification of water sources and uncertainty analysis of hydrograph separation were conducted on a small glacial catchment of 30.2 km 2 . The principal scientific objective of this work was to evaluate isotopic and chemical tracers at natural abundances for their ability to distinguish sources of flow in a meltwater-fed stream. Specific objectives were to:
(1) Characterize seasonal variation in isotopic and chemical composition of a glacier fed stream; (2) Quantify the contribution of glacial and snow meltwater, precipitation and groundwater (especially the ice-snowmelt water) to stream discharge using EMMA; (3) Investigate the applicability of EMMA in alpine glacial catchments; and (4) Provide an insight for water resource formation and management in the area.
Study area
The Laohugou River Basin (96°10' -97°0'E -39°10' -40°0'N) is located at the northern edge of the Tibetan Plateau, northwestern China (Fig. 1) . Glacier No. 12 (39°26.4'N -96°3 2.5'E), which is a valley glacier 10.1 km in length and 21.9 km 2 in area, is the largest glacier in this area. It consists of two tributaries and the altitude ranges from 4260 to 5481 m a.s.l. (Liu et al. 2010) . Our study was carried out at the upper stretch of the Hydrological Gauging Station in Glacier No. 12 which drains 30.2 km 2 of the area ( Fig. 1 ) and will hereafter be referred to as the Laohugou Glacial Catchment (LGC). Qilianshan Station, located 2 kilometres below the terminus of Glacier No. 12 (4180 m a.s.1.) of Laohugou Valley, was set up in 2007.
The LGC is characterized by the typical continental climate under the influence of year-round westerlies. According to the observation data during 1959-1962 and 2009-2011 , the average annual temperature is −6.6°C at Qilianshan Station. Daily mean temperature in summer is above 0°C. The precipitation is 160-450 mm/year with a mean of 298.6 mm. Precipitation occurs mainly from May to September.
The catchment mainly belongs to the Precambrian Qilian Mountain fold belt. The lithology mainly includes Sinian limestone, phyllite, slate and mafic volcanic rocks. In the firn basin and near the glacier tongue areas, the schist and gneiss, as well as small-scale acid intrusive rock are PreSinian in age. To be noted, the presence of thin coal-bearing Silurian strata in this area is the main source of sulphate. The groundwater in this area is mainly from lateral infiltration from loose slope sediments in the mountainous areas which are not covered by glaciers.
Material and methods

Field sampling
An intensive monitoring period was carried out between May and September 2009. In total, 132 samples were collected during this period.
A precipitation sampling project was carried out at the Qilianshan Station (Fig. 1) . Precipitation samples were collected immediately after each precipitation event in order to minimize the alteration of concentration of heavy isotopes by evaporation with plastic funnel/bottle sets. Usually the precipitation form was snow in this area. Snow samples were collected into a plastic bag and taken into a warmer place to be melted naturally. After wholly melted, water samples were transferred into the sampling bottles. In total, 35 precipitation samples were collected.
Glacial ice/snowcover samples were collected weekly at 4350 m a.s.1 (Fig. 1) . The surface 5 cm glacial ice/snowcover was gathered into a plastic bag and taken into a warmer place to be melted naturally. It was then transferred into the sampling bottles: 18 samples were got.
Napshot sampling (Grayson et al. 1997 ) was used to collect grab water samples. Meltwater, totalling 19 samples, was sampled weekly at the terminus of Glacier No. 12. The groundwater was taken biweekly from the spring nearby the terminus of Glacier No. 12 (Fig. 1) .
The streamwater was sampled at the Hydrological Gauging Station (Fig. 1 ). During the low flow period in May, June and September, streamwater was sampled weekly. In July and August, streamwater was sampled at a much higher frequency. In total, 53 streamwater samples were collected.
The meteorological and discharge data collection
The meteorological parameters were measured continuously by means of an automatic weather station (AWS) installed at Qilianshan Station. A Geonor T-200B gauge was used to measure precipitation.
Discharge was measured at the Hydrological Gauging Section using a level logger HOBO (Onset, USA) and a current meter (Chongqing Hydrological Instruments Company, China). Rating curves determined by 52 pairs of data of discharge and water level were then applied to derive discharge time series on a daily basis.
Sample analysis
All samples were kept in near-frozen conditions and transported to the State Key Laboratory of Cryospheric Science, Chinese Academy of Sciences for testing.
The D and 18 O composition of all water samples were analysed by Liquid-Water Isotope Analyzer (DLT 100, Los Gatos, USA) based on off-axis integrated cavity output spectroscopy (OA-ICOS). The isotopic ratios were expressed in per mil (‰) units relative to Vienna Standard Mean Ocean Water (V-SMOW). Accuracy of δD and δ 18 O were ± 0.6 ‰ and ± 0.2 ‰, respectively.
Concentration of anions (Cl -, SO 4 2-) was analysed by Ion Chromatogragh (IC, DX-120, Dionex, Germany) while HCO 3 -and CO 3 2-by the titration method. Cations, K + , Na + , Ca 2+ and Mg 2+ were analysed by using Atomic Absorption Spectroscopy (AAS) method. Measurement errors, expressed as RSD, were less than 1%. The detection limits of all ions were lower than 0.1 mg/L.
Data analysis
We conducted EMMA following the procedures suggested by Christophersen and Hooper (1992) , Liu et al. (2004) , and Barthold et al. (2010) . These include (1) the determination of conservative tracers, (2) performance of principal component analysis (PCA) and eigenvector analysis to determine the dimensionality of the hydrologic system and to identify the end members, and finally, (3) the calculation of each end member's contribution to streamflow.
From the suite of 8 possible tracers including cations, anions and 18 O, those tracers that exhibit conservative behaviour were selected and used for further analysis. The determination of conservative tracers was based on the chemical characteristics of the solutes. The four conservative tracers are Na + , Cl -, SO 4 2-and 18 O. Outliers were identified as those points that are >1.5 times away from the interquartile range and were removed prior to analysis. Potential end members were identified by screening their elemental concentrations for significant differences to the streamwater. The 95% CI was used as a measure of uncertainty in this analysis.
PCA is a commonly applied technique that is used to explore and describe the variability of a multivariate dataset. The dimensionality of U space is determined by the number of eigenvectors, or principal components (PCs), that are retained from the PCA. The rule of one (Joreskog et al. 1976 ) was applied to determine the number of PCs to retain. The number of PCs plus one is then the number of end members that are needed to describe the system. With the rule of one, the last PC retained in the dataset needs to explain 1/nth of the variance where n is the number of solutes used as tracers. The medians of all possible end members were projected into the U space of the streamwater. Those end members that best bounded the streamwater were identified. The following set of equations , Barthold et al. 2010 ) was solved to calculate the contributions of each end member to streamflow for a three end member system:
where f 1 , f 2 and f 3 are the fractions of each end member, SW U1 and SW U2 are the projected streamwater observation in U space coordinates and EM nU1 and EM nU2 are the coefficients of the U space projected nth end member.
Results
Hydrological characteristics
The region is characterized by a distinct seasonal continental climate. The monthly mean temperature, increasing from January to August and then decreasing, holds its maximum value (4.8°C) in August and the minimum value (−16.0°C) in January in 2009. There were 116 days in which the daily mean temperature was above 0°C from the beginning of May to the end of September with the maximum value (8.0°C) on 24 July (Fig. 2) . As seen in Fig. 2 , the annual precipitation was 331.9 mm in 2009 ( Fig. 2) , of which about 84% took place in the hot season (from May to September), indicating uneven distribution of precipitation in a year.
The variation of discharge
The hydrograph at LGC is characteristic of melt dominated watersheds. Its discharge clearly varied over the year (Fig. 3) . The runoff process can be divided into three parts: (1) Due to the low while increasing average temperature, the discharge of streamwater which was recharged by slowly melted snow showed a relatively steady increase during April 15 to June 11; (2) Due to the continuous, relatively higher temperature and heavier precipitation, the stream discharge mainly from melting glacier as well as the precipitation was under a higher level from June 12 to July 25. The discharge reached its peak at the end of June. Very low discharge values appeared during the July 10 to July 15 due to continuous precipitation days and lower temperatures from July 9 to July 15; (3) The gradually decreased air temperature led to relatively steady decreasing discharge from July 26 to October 30.
The relationship between discharge and precipitation/temperature
The observation results in the Qilian Mountains showed that the impact of precipitation on the discharge was mainly from June to September while the temperature had different impact levels on discharge throughout almost the whole year (Song et al. 2010) . By regression analysis, the daily relationships between discharge and precipitation/temperature were expressed as equations (4)- (6):
where Q is the daily discharge, P is daily precipitation when the precipitation occurs, T is mean daily air temperature and T dmax is maximum daily air temperature. The 10-day relationships between discharge and precipitation/temperature are shown in equations (7)- (9):
where Q is the 10-day mean discharge, P is 10-day mean precipitation, T is 10-day mean air temperature and T dmax is maximum 10-day air temperature. By comparing the relations between discharge and precipitation/temperature, the discharge had a better correlation with daily mean temperature than with precipitation. It indicated that the meltwater was the main source of the discharge. In terms of time scale, the discharge had a better correlation with precipitation/temperature at the 10-day time scale than at the daily scale. This can be explained by changes of discharge lagging the change in precipitation/temperature. At high altitudes, precipitation was mostly solid. The melting process of snow and glacier ice and the confluence of meltwater led to the lag. Table 1 shows the mean contents of the major ions for precipitation (usually as snow), glacial ice/snowcover, spring, meltwater and streamwater. Solute concentrations in precipitation and glacial ice/snowcover were generally much lower than other types of water. Concentrations in streamwater varied widely, indicating the complicated sources. 2-in the groundwater is inferred to be mainly from the water-rock interaction with coal-bearing strata. Changes of solute concentrations over time in streamwater are shown in Fig. 3 . Concentrations were generally higher during the initial sampling period. With the rapid increase in discharge on May 8, solute concentrations began to decrease. Annual minimum concentrations of all solutes occurred just after maximum discharge near June 25. Solute concentrations began to increase on the recession limb of the hydrograph. These values were at the range (δ 18 O: +10~-50‰; δD: +50~-350‰) of the global stable isotopes composition of precipitation (Araguas et al. 2000) . The precipitation weighted mean of δ 18 O and δD were −12.3‰ and −79‰ during May to September. The δ 18 O and δD of precipitation was depleted in colder months and relatively enriched in warmer months (Table 2 ).
Solute contents
Isotopes in glacial ice/snow cover
Melting of glacial ice/snow cover is the main source of meltwater in this area. Based on the analyses on the samples of glacial ice/snowcover at 4350 m a.s.l. of Glacier No. 12, the δ 18 O/δD in glacial ice/snowcover showed an increasing trend from −18.4‰/−145‰ at the beginning of the sampling period and reached the maximum value (−13.7‰/−106‰) at the end of July, a difference of 4.7‰/39‰. After that, the δ 18 O decreased gradually with time (Fig. 4) . The mean δ 18 O in glacial ice was −16.5‰/−123‰.
Isotopes in groundwater
As for groundwater, the δ 18 O/δD values of spring water showed little seasonal variability ranging from −11.2 ‰/−87‰ to −10.2‰/−78‰ with an average of −10.4 ‰/−82‰. The isotopic composition of the groundwater was much more enriched than that of the precipitation. Evaporation occurred during the process of melting and infiltration into the subsurface played an important role. The small seasonal variation indicated that the isotopic compositions of groundwater had insignificant correlation with the meltwater and ambient precipitation. That means the process of precipitation and meltwater infiltrating into the subsurface resulted in a smoothing of the seasonal isotopic composition.
Isotopes in meltwater and streamwater
It can be seen that the δ 18 O in meltwater at the terminus of Glacier No. 12 increases with time but fluctuates during the sampling period (Fig. 4) . The δ 18 O/δD of meltwater ranged from −14.9‰/−116‰ to −11.4‰/−88‰. Over the course of melt, the δ 18 O/δD value increased by almost 3.5‰/28‰. The arithmetic mean (−13.3%/−104‰) of the measured δ 18 O/δD value in meltwater was larger than the values of −16.4 ‰/−123‰ measured in the glacial ice/snowcover.
The change trend of δ 18 O/δD in streamwater at the Hydrological Gauging Station was similar to that in meltwater at the terminus of Glacier No. 12, illustrating that both variations have the same synoptic and climatic background. The overall δ 18 O/δD composition of the streamwaters ranged between −14.5‰ /−112‰ and −11.3‰/−87‰, a difference of 3.2‰/−25‰, with average of −12.8 ‰/−99‰ which was much nearer to the value of meltwater. The δ 18 O peaks appeared in July and September while the lowest values were in June. Moreover, the δ 18 O//δD values in meltwater at the terminus are all smaller than those in streamwater, displaying the different runoff recharges. For the former, the runoff is primarily originated from seasonal snowpack and glacier meltwater in Glacier No. 12, while for the latter, the recharge is not only from the meltwater runoff in Glacier No. 12 but also from other water sources, especially the highervalued groundwater and precipitation. O values showed that significant difference existed among precipitation, glacial ice/snow cover, groundwater, meltwater and streamwater. The most significant seasonal variation was observed in precipitation while the least was in spring water. The values of δ
Comparison of isotopes in different waters
18
O in precipitation during May to September had great variation and were generally higher compared with the values in glacial ice/ snow cover. This resulted from the fact that the glacial ice/ snow cover usually formed or accumulated in places above the equilibrium line where the temperature is much lower. Considering the temperature effect and altitudinal effect, the δ 18 O of precipitation is lower than that of the precipitation at lower altitude. It is obvious that the signatures of different water components were distinct, indicating that the oxygen isotopes of different components were good enough to use in the tracer model.
Hydrograph separation
Three-component hydrograph separations were conducted using EMMA. Conservative tracers were evaluated using the mixing diagrams of Christophersen et al. (1990) and Hooper et al. (1990) . Table 3 . The three tracers, Cl-, Na + and 18 O, which had the best relation with the discharge were used to separate the hydrograph at the catchment.
A principal component analysis (PCA) was performed using the correlation matrix of streamflow data to extract eigenvalues and eigenvectors. The first two PCA components explain 93% of the total variance of the streamflow data at the catchment. On the basis of the work by Christophersen and Hooper (1992) , three end-members appear to be sufficient to explain the total variance of solute and isotopic content of streamflow using EMMA.
The streamflow data were standardized and projected onto U space defined by the eigenvector, along with all end-members (Fig. 5) . Most of the streamwater observations fall into the triangle that is spanned by three end members, i.e. glacial ice/ snow cover, precipitation and groundwater. However, there exist some streamwater observations that lie outside of the triangle.
The proposed three-component hydrograph separation demonstrates the contribution of meltwater, precipitation and groundwater and is presented in Table 4 and Fig. 6 . The monthly ratio of each component is calculated using the weighted mean of precipitation and the monthly mean of meltwater, groundwater and streamwater. At the Laohugou Glacial Catchment, streamflow was composed of, on average, 69.9% meltwater, 17.3% precipitation and 12.8% groundwater (Table 4) . According to the monthly hydrograph, the seasonal variation of the runoff component contribution was marked. The monthly contribution of glacial and snow meltwater varied from 57.4% in September to 79.1% in May, and that of precipitation varied from 0 % in May to 34.6% in September. Influenced by both the temperature and precipitation, the proportion of meltwater and precipitation showed no obvious trend during the runoff season.
The meltwater contribution was greater on the first part of the hydrograph (May 6 to June 11) with a relatively constant proportion near 80% (Fig. 6) . During this period, the daily mean temperature was usually under 0°C. The precipitation, usually called new snow, cannot melt directly and enter into the runoff system within 3 days. On the other hand, the strong wind blew away most of the new snow at the surface of the glacier. This made precipitation have nearly no contribution to the streamwater. On June 10, heavy snow (8.1 mm) occurred. Accompanied with the sharp rising of temperature in the next 9 days, the discharge increased sharply. The precipitation, i.e. the new snow, melted and shared nearly 10% of the discharge. From June 20 to June 28, the daily mean temperature was near 5°C and the melting of a large quantity of glacial ice led to the discharge peak. From June 29 to July 13, the total precipitation was 88.1 mm including 3 lots of heavy rainfall (15.8 mm, June 29; 10.4 mm, July 5; 22.6 mm, July 7). The fraction that is contributed by precipitation increased and reached 40% on average while the fraction of meltwater was 50% on average. The temperature maintained its highest level from July 16 to August 24 and led to the strongest melting of glacial ice. The melting water shared 84% of the streamwater while the groundwater shared 14%. With the decrease in temperature and increase of precipitation from August 25 to September 16, the fraction of precipitation contributing to streamwater increased to 40% while that of meltwater decreased to 47%. From September 17 to September 26, nearly no precipitation occurred during this period. The contribution of precipitation to the streamwater was near 0%. The streamwater was formed by ice meltwater (88%) and groundwater (12%).
Discussion
Uncertainty analysis of hydrograph separation
The recent focus of hydrograph separation has been on uncertainty analysis (e.g. Blume et al. 2008 , Chaves et al. 2008 , Barthold et al. 2010 , Pu et al. 2012 , Klaus and McDonnell 2013 . As shown in Fig. 5 , there existed some streamwater observations that lay outside of the triangle. This can lead to over-or under-prediction of the contributions of each end member to the streamwater, and should be understood as a source of uncertainty. These types of outliers are typical in EMMA models (Christophersen and Hooper 1992 , Elsenbeer et al. 1995 , Chaves et al. 2008 , Liu et al. 2008a , Barthold et al. 2010 . Barthold et al. (2010) concluded that it resulted from a number of factors including: (1) uncertainty in field sampling or laboratory analyses, (2) lack of temporal invariance of end members or (3) the expression of different end members in the mixture as water source areas change temporally. Alpine glaciers are complex water storage compartments that to some degree behave isotopically and chemically like a well mixed lake (Moser and Stichler 1980) . Because the current year's snowmelt and summer precipitation can be trapped within the glacier in fissures to be frozen during winter, the melting of the glacier can release water that has been added from recent inputs together with water stored for decades to centuries (Cable et al. 2008) . Therefore, it is difficult to predict how the isotopic and chemical composition of glacier meltwater will differ from the current year's snowmelt or rainfall. However, if one assumes that the glacier mass is an integrator, then meltwater from the glacier may be attenuated isotopically and chemically relative to seasonal and interannual variations in meteoric waters. For that reason alone, glacier meltwater can be distinguished isotopically and chemically from the current year's meteoric inputs. The stable isotopic compositions of waters can be affected by evaporation, sublimation, re-melting and exchange with atmospheric vapour. The offset due to these fractionation processes can also be a source of uncertainty because these processes are likely to play a role in glacier melt and accumulation.
Another shortcoming of this study is that the identification of end members is limited to data collected during the runoff period which comprises only 5 months of the year. Even if this is the period with most of the precipitation, we may miss some important components of the system. Several approaches are available for calculating uncertainty, e.g. Bayesian statistical method (Soulsby et al. 2003) , Monte Carlo procedure (Joerin et al. 2002) and Gaussian error propagation technique (Genereux 1998) . A classical Gaussian error propagation technique is generally applied to quantify the uncertainty of tracer-based hydrograph separations (e.g. Hooper et al. 1990, Uhlenbrook and Hoeg 2003) . The uncertainty analysis for hydrograph separation models can be estimated using a first-order Taylor series expansion (Hooper et al. 1990 , Genereux 1998 :
where w represents the uncertainty in the variable specified in the subscript, y is a function of several variables c 1 , c 2 , . . .c n (i.e. z = f (c 1 , c 2 , . . .c n ) ). Partial derivatives of each mixing fraction with respect to each of the eight tracer concentrations along with the uncertainty in each tracer concentration would be used as shown in (10) to compute the uncertainty in the mixing fractions, f 1 , f 2 and f 3 .
As for the separation of this study, the temporal variations of 18 O and chemical composition were observed for precipitation, glacial ice/snowcover, groundwater and streamwater. However, each type of water was sampled only in one site. Thus the general spatial heterogeneity of tracer concentrations should be considered estimating w values for the components. The standard deviations of the tracer concentrations were multiplied by appropriate t values from the Student's t distribution to estimate uncertainty from the variation of tracer concentrations at the level of 95% confidence so that the resultant uncertainty was referred to as a = 0.05 (Genereux 1998) .
The estimated uncertainties are shown in Table 4 . It can be seen that the uncertainties in mixing fractions were much smaller to the value of the mixing fractions, indicating the hydrograph separation for the streamwater in this catchment was believable. The hydrograph separation analysis showed successfully that glacier and snowcover meltwater of the streamflow occupied more than 70% of stream flow, whereas precipitation and groundwater averagely shared the rest between them.
It is important to note that the three-component separations were developed for the situation at the particular study site during the runoff period. The assumption that three major source areas have distinct tracer compositions is based on the geomorphological and geological situation.
Water balance in glacierized catchment
We discussed the contribution of meltwater, precipitation and groundwater to the streamflow above. As Table 5 shows, the total runoff depth in this glacierized catchment during the runoff season was 1323.1 mm while the three components, namely precipitation, meltwater and groundwater, were 229.0 mm, 925.1 mm and 169.0 mm, respectively.
Runoff was much greater than precipitation in the heavily glacierized catchments. This is because reduction of the mass of glacier ice and snowcover in a catchment will increase the annual river flow. This extra component of river flow has been called the "deglaciation discharge dividend" (Collins 2008) . The runoff coefficient showed seasonal variation with a mean value of 4.5. The precipitation which fell as snow in winter provided a larger amount of meltwater than the precipitation could in May and led to a high runoff coefficient in May. With the sharp increasing of air temperature in June, melting of snowcover and ice were aggravated. Though the precipitation increased, the runoff coefficient still increased sharply. The sharply increased precipitation resulted in the increased recharge proportion of precipitation to the runoff and decreased runoff coefficient in July. With the sharply decreased precipitation, the runoff coefficient reached its maximum in August. In September, the reduced meltwater which resulted from the decrease of air temperature and the increased precipitation worked together and led to a minimum runoff coefficient.
Most (78%) of the precipitation contributed to the runoff in the runoff season (Table 4) . Some precipitation was consumed as evaporation or accumulated in the accumulation zone or infiltrated as groundwater. In fact, the groundwater in LGC was mainly fissure water which directly came from precipitation or melting of snowcover. The groundwater had a relatively short path and residence time. So, on an annual or larger time scale, the water that comes from a glacierized catchment is the sum of the precipitation and the melted snow and ice (minus some evaporation and some precipitation accumulated above the equilibrium line).
Conclusions
Variations of the stable isotopes and solutes in different water mediums in LGC are analysed to provide the basic isotopic and chemical data for the application of tracers in hydrological investigations.
Geochemical and isotopic tracers and the application of EMMA proved to be useful tools in the process of identifying runoff generating sources at the catchment scale in an alpine catchment. Despite sparse data, findings suggest that meltwater from glacial ice and snowcover are the primary sources of streamwater. That is to say, snow and glacier meltwater was vital to streamflow and should be significantly noted in water resource management and prediction in the glacial region at the northern rim of the Tibetan Plateau under global warming conditions. It is noted that groundwater occupied nearly 14% of the sreamwater. In glacierized catchments, runoff was much greater than precipitation and the variation of runoff coefficient was controlled by the amount of meltwater and precipitation during the runoff season. Most of the precipitation recharged the runoff in the runoff season while accumulation occurred in winter time. 
